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Abstract: Purpose of review: To examine the recent literature concerning the neural basis and clinical
evidence for the response of the labyrinth to sound and vibration: vestibular-evoked myogenic potentials
(VEMPs) and vibration-induced nystagmus (VIN). Recent findings: There are two streams of informa-
tion from each otolith - a sustained stream (afferents with regular resting activity, signalling gravity
and low-frequency linear accelerations) and a transient stream (afferents with irregular resting activity)
signalling onset of linear acceleration, and sound and vibration. These irregular neurons are synchro-
nized to each cycle of the stimulus. Neurons in the transient stream are tested by presenting sounds
or vibration (500 Hz) and using surface electrodes to measure myogenic potentials from muscles acti-
vated by otolithic stimuli (VEMPs). 100 Hz vibration activates irregular canal afferents and causes a
stimulus-locked VIN in patients with asymmetric canal function. These new tests of the transient sys-
tem have one big advantage over older tests of the sustained system - they reliably show the effect of
long-term unilateral vestibular loss. Summary: The new physiological and anatomical evidence shows
how sound and vibration activate otolith and canal receptors and so provides the scientific foundation for
VEMPs and VIN, which are important tools for diagnosing vestibular disorders. VIDEO ABSTRACT:
http://links.lww.com/CONR/A47.
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 CURRENTOPINION Physiology, clinical evidence and diagnostic
relevance of sound-induced and vibration-induced
vestibular stimulation
Ian S. Curthoysa and Julia Dlugaiczykb,c
Purpose of review
To examine the recent literature concerning the neural basis and clinical evidence for the response of the
labyrinth to sound and vibration: vestibular-evoked myogenic potentials (VEMPs) and vibration-induced
nystagmus (VIN).
Recent findings
There are two streams of information from each otolith – a sustained stream (afferents with regular resting
activity, signalling gravity and low-frequency linear accelerations) and a transient stream (afferents with
irregular resting activity) signalling onset of linear acceleration, and sound and vibration. These irregular
neurons are synchronized to each cycle of the stimulus. Neurons in the transient stream are tested by
presenting sounds or vibration (500Hz) and using surface electrodes to measure myogenic potentials from
muscles activated by otolithic stimuli (VEMPs). 100Hz vibration activates irregular canal afferents and
causes a stimulus-locked VIN in patients with asymmetric canal function. These new tests of the transient
system have one big advantage over older tests of the sustained system – they reliably show the effect of
long-term unilateral vestibular loss.
Summary
The new physiological and anatomical evidence shows how sound and vibration activate otolith and canal





cervical vestibular-evoked myogenic potential, ocular vestibular-evoked myogenic potential, otolith,
vestibular, vestibular-evoked myogenic potential, vibration-induced nystagmus
INTRODUCTION
Sound and vibration are regarded as the natural
stimuli for the cochlea, but evolution provides a
different perspective which helps explain why
sound and vibration are now widely used for testing
vestibular function. Vestibular hair cells (VHCs) are
the evolutionary precursors of cochlear receptor hair
cells [1,2] with similar structure, physiology and
even sensitivity with thresholds of nanometers of
hair-bundle displacement [3]. The cochlea provides
sensitive responses to air-conducted sound (ACS) or
bone-conducted vibration (BCV), whereas it appears
that the vestibular labyrinth has evolved to ‘protect’
semicircular canal (SCC) receptors from being acti-
vated by these same stimuli. The otoliths are an
exception: they have very sensitive responses to
BCV (higher thresholds to ACS) [4,5
&
]. The apparent
‘protection’ of the SCCs is defeated if there is a defect
in the wall of the bony canal, a superior canal
dehiscence (SCD): then canal neurons as well as
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otolith neurons respond to ACS and BCV [6
&
,7].
These facts underpin the present use of ACS and
BCV in clinical testing of vestibular function.
VESTIBULAR-EVOKED MYOGENIC
POTENTIALS
The most widely used clinical tests of otolith func-
tion are vestibular-evoked myogenic potentials
(VEMPs) because they are such fast simple tests of
dynamic otolith function. VEMPs are small myo-
genic potentials evoked by brief repeated ACS or
BCV stimuli recorded by surface electrodes (Fig. 1).
The ocular VEMP (oVEMP) is an excitatory potential
recorded over the tensed contralateral inferior obli-
que muscle as the individual looks up: it originates
predominantly from afferents from the contralateral
utricular macula. The cervical VEMP (cVEMP) is
an inhibitory potential recorded over the tensed
sternocleidomastoid muscle (SCM): it originates
predominantly from afferents from the ipsilateral
saccular macula ([5
&
] for summaries). Reviews pro-
vide full details of the stimuli for clinical testing:
recording montage, artifacts, control data, clinical










The anatomical and physiological basis
In both otoliths and SCCs there are two types of
receptors – amphora-shaped type I VHCs enveloped
by a special calyx afferent ending, and barrel-shaped
type II receptors contacted by small bouton afferent
endings (Fig. 2) [16]. The distribution of these
receptors across the utricular and saccular maculae
is not uniform [17
&&
], and there are corresponding





]. The receptors at a particular band in
each otolithic macula, the striola, have short stiff
hair bundles which are only tenuously attached to
KEY POINTS
 High-frequency (500Hz) bone-conducted vibration
selectively activates irregular otolithic but not canal
afferents. Each cycle is the effective stimulus.
 Low-frequency (100Hz) vibration activates both otolith
and canal afferents.
 Ocular VEMPs to sound and vibration reflect mainly
utricular function, whereas cervical VEMPs to sound
and vibration reflect mainly saccular function.
 Superior canal dehiscence enhances vestibular
responses to sound and vibration, so that previously
unresponsive canal neurons are activated at
high frequencies.
 Low-frequency vibration activates irregular horizontal
canal afferents and, in patients with unilateral loss,





































FIGURE 1. In humans electrodes (a) over the inferior oblique
eye muscle record the ocular vestibular-evoked myogenic
potential, and the n10 component (b) is shown by the
inverted caret. Electrodes over the tensed
sternocleidomastoid muscle (a) record the cervical vestibular-
evoked myogenic potential and the p13 is shown by a dash
(b). Fz BCV (Fz bone-conducted vibration) refers to the fact
that the bone-conducted vibration stimulus was delivered to
the midline of the forehead at the hairline, and this location
is known as Fz. (a) Reproduced with permission [8&].
(b) Reprinted with permission from Elsevier [15].
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the overlying otolithic membrane. The afferents
from the striolar type I receptors have irregular
resting discharge and can be activated by high-
frequency ACS and BCV (e.g. 500Hz is an optimal
stimulus) [5
&
,7,18]. Other afferents from all over the
otolithic macula have regular resting discharge and
synapse on type I and type II receptors with bouton
endings, but do not respond to sound and vibration
at clinically practical levels [18] (Fig. 2).
When activated by ACS or BCV, irregular
otolithic afferents show precise synchronization
(phase-locking) of their action potentials to narrow
phase bands of the imposed stimulus, even up to
frequencies in the kilohertz range [5
&
,19] (Fig. 3).
Phase-locking implies that the receptor hair-bundles
are deflected (and activated) on every single cycle of
the stimulus waveform, even up to 3000Hz. New
evidence confirms that during ACS and BCV stimu-
lation the utricular macula moves at the stimulus
frequency and the utricular microphonic, generated
by the receptor hair cells (the utricular analogue of
the cochlear microphonic), can be recorded up to
more than 3000Hz, which shows that the otolithic
receptors are being activated by these deflections up
to such very high frequencies [20,21].
Modelling [23] reconciles the low-frequency
otolithic response to maintained tilts and the
high-frequency vibration response by showing that
at low frequencies the otoliths function as acceler-
ometers with the otoconia being displaced relative
to the receptors, but at high frequencies the otoliths
function as seismometers, with the otoconia proba-
bly remaining relatively fixed while themacula (and
the receptors at the striola) move relative to the
otoconia. So, for both low and high frequencies,
the receptor hair bundles are deflected, and receptor
and afferent activation takes place. Regular afferents
do not respond to ACS or BCV but have a strong
response to low frequencies of linear accelerations,
such as tilts.
In sum, from each sense organ there are parallel
streams of neural information: the fast transient
stream from irregular afferents signalling dynamic
responses (changes in stimulation such as caused
by ACS and BCV) and the slower sustained stream
from regular afferents signalling maintained or
low-frequency acceleration [18]. oVEMPs test
dynamic utricular function, but the absence of
oVEMPs does not necessarily have any implication
about static utricular function, which is tested by
maintained otolithic stimuli [with clinical tests
such as the subjective visual vertical (SVV)
[24
&&
]]. For example, in some cases of intratym-
panic gentamicin treatment (which selectively
attacks type I receptors [25]), the transient function
is lost (and so absent oVEMPs); however, the sus-
tained function remains, with the SVV relatively
unaffected. Cherchi [26
&&
] has reported exactly this

















FIGURE 2. Simplified schematics of the approximate spatial
organization of the utricular and saccular maculae and the two
types of otolithic receptors (types I and II). (a) The small arrows
represent the preferred directions of each receptor; the
systematic change in preferred direction and the opposite
polarization on either side of the line of polarity reversal are
shown. The two maculae are mirror images of one another. The
band around the line of polarity reversal is called the striola,
and irregular otolithic afferents sensitive to sound and vibration
synapse on receptors in this band [5&]. (b) The two types of
otolithic receptors – the amphora-shaped type I and the barrel-
shaped type II. The afferent fibre forms a calyx ending which
envelops the whole type I receptor, whereas for type II
receptors the afferent fibre makes a bouton termination on the
receptor. (a and b) Adapted with permission [8&].
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The effect of superior canal dehiscence on
physiological responses
A hole in the bony wall of the guinea pig anterior
canal (an SCD) of only 0.1mm diameter causes
anterior canal neurons with irregular resting activity
to change from being unresponsive to ACS and BCV
to having a very sensitive, phase-locked response,
stimulus-locked to sound and vibration, as was
shown by recordings from anterior canal neurons
in guinea pigs before, during and after an SCD and
then resealing the SCD [6
&
], which eliminates the
sound-evoked canal responses [7]. These neural
changes are responsible for the reports of patients
with SCD about sound-induced vertigo and are the
foundation for the clinical tests of SCD, that is
enhanced VEMP amplitudes to ACS or BCV. The
enhanced VEMPs after SCD are explained by the
SCD now allowing sound-activated SCC neurons
to contribute to the generation of the VEMP, as well
as otolith neurons [28
&













Phase w.r.t. accelerometer, utricular unit, BCV 985 Hz stimulus
Mean phase: 129.10 °
Mean vec length: 0.87446
Ang dev: 28.71°
 n = 142 spikes








Overlaid traces  Phase of each spike(c) (d)
(a) (b)
FIGURE 3. Time series of firing of one guinea-pig irregular otolith neuron during stimulation by 500Hz bone-conducted
vibration (a) and air-conducted sound (b) showing that both stimuli cause stimulus-locked activation. The top trace shows the
command voltage indicating when the stimulus is presented. The second trace shows the extracellular neural recording. The
three bottom traces (x, y, z) show the triaxial accelerometer recording of the stimulus. (a and b) Reprinted by permission from
Springer Nature [22]. (c) Time series of action potentials in response to a 985Hz bone-conducted vibration stimulus (shown
by the gray acceleration trace). (d) Circular histogram of the phase of each spike. The Rayleigh test of circular uniformity was
performed on the 142 spikes, and was significant (P<0.001), showing that the time when an afferent is activated is phase-
locked to a narrow band of phase angles of the 985Hz stimulus. Here, the neuron misses many cycles, but the moment when
the neuron fires is phase-locked (c and d). Reproduced with permission [8&].
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enhanced responses to maintained ACS or BCV
stimuli. These two aspects are accounted for
by the cycle-by-cycle activation of previously
unresponsive irregular canal afferents by the sound
stimulus, and a generalized canal activation due to
the maintained sound stimulus causing the cupula
to be displaced. This occurs because ACS or BCV
causes fluid flow in the dehiscent canal by an
‘impedance pump’ principle. In fluid dynamics, a
rhythmic pulsing of a flexible tube in a closed-tube
system can cause a unidirectional flow of the fluid
filling the tube, depending on the impedance
characteristics of the tube and on the frequency of
the pulsing. This is the Liebau principle, and it is
realized in pumps where there is no valve, but





]. In SCD, sound and vibration provide
the rhythmic pulsing and cause a fluid flow and
cupula displacement resulting in a steady activation
of neurons, similar to that caused by an angular
acceleration. Both mechanisms activate canal neu-
rons and so would result in a maintained nystagmus




































































FIGURE 4. Schematic representations of otolithic (a) and anterior canal (b) projections to the inferior oblique eye muscle (IO)
and the sternocleidomastoid (based on [29]). Part (a) shows some of the known otolithic vestibulo-ocular and vestibulo-collic
neural projections that underlie the ocular and cervical vestibular-evoked myogenic potential. Afferents from the saccular and
utricular macula project to the vestibular nuclei, but the exact termination of these afferents is not presently known, so this
figure represents the present uncertainty about connections within the vestibular nuclei as an open box. MLF refers to the
medial longitudinal fasciculus. The otolithic projections to other eye muscles are not shown. Afferents from the saccular macula
synapse on an inhibitory neuron in the vestibular nucleus (thick black lines), projecting to spinal motoneurons controlling the
sternocleidomastoid muscle. Part (b) shows anterior canal projections. cvtt refers to the crossed ventral tegmental tract. After
superior canal dehiscence both otolithic and canal projections will operate causing enhanced ocular vestibular-evoked
myogenic potentials and cervical vestibular-evoked myogenic potentials compared with healthy individuals. (a) Reprinted with
permission [32]. (b) Reprinted by permission from Springer Nature [7].
Neuro-otology
130 www.co-neurology.com Volume 33  Number 1  February 2020
 Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.
Clinical methodology
VEMPs are not large and a number of techniques
have been suggested to increase the signal-to-noise
ratio – including different electrode configurations
[33–35], amore powerful BCV stimulator [36], a new
stimulus delivery system and analyser [37
&&
], a new
stimulus (the chirp) [38], as well as different analytic
techniques to enhance the signal-to-noise ratio
[39,40]. However, changes to the standard protocol
can sacrifice the otolithic specificity which is so
valuable for VEMPs. For example, using low-fre-
quency stimuli (rather than 500Hz) has been
reported as a way of improving VEMP amplitude
[36,41,42], whereas the recent physiological evi-
dence shows that low frequencies do not have the
otolithic specificity of 500Hz. Instead irregular
SCC neurons can be activated by 100Hz BCV [7].
The intensities used for generating VEMPs to ACS
are high, and care is needed to minimize the noise
dosage during testing [43,44]. Normative data about
how VEMPs change with age are now available
[45,46]. The probable path of stimulation of BCV
through the skull and brain is still under investiga-
tion [42,47]. VEMPs to ACS in splenius capitis and
masseter muscles have been reported, although the
SCM is still the preferred recording site [48].
Clinical evidence and diagnostic relevance of
vestibular-evoked myogenic potentials
VEMPs are nowadays widely used in the clinic for
localization, differential diagnosis, monitoring and
estimating the prognosis of vestibular disorders.
They allow vestibular testing in patients with lim-
ited compliance, for example children (cVEMPs>6
months, oVEMPs>3 years) [49,50,51
&
], and provide
basic information about superior and inferior ves-
tibular nerve function in patients not suitable for
vestibulo–ocular reflex (VOR) testing (e.g. blind-
ness, congenital nystagmus) [52
&
,53].
One of the most important clinical applications
of VEMPs is the confirmation of SCD, which tends to
be overdiagnosed in high-resolution computed
tomography of the temporal bone [54]. The most
sensitive marker for SCD is a clearly increased con-




improves with rising stimulus frequencies for both
oVEMP and cVEMP [40,57] which is in line with the
phase-locked activation of anterior canal neurons in
SCD up to several thousands of Hz [19]. Increase in
VEMP amplitudes is less pronounced in patients




VEMPs are indispensable for diagnosing





that particularly has to be considered in patients
with balance disorders following concussion [60] or
blast injury [61], adding further evidence to the
noise susceptibility of otolithic receptors [62].




during recovery of a vestibular disorder [65]. There-
fore,VEMPsarehelpful tools formonitoringdynamic
otolithic function, for example, after vestibular neu-
ritis, cochlear implantation [66,67] or intratympanic
gentamicin treatment for Menière’s disease [68].
In vestibular schwannomas, abnormal oVEMPs
are associated with tumour origin in the superior
vestibularnerve,whereas abnormal cVEMPscorrelate
with damage of the inferior vestibular nerve [69].
Preoperatively reduced cVEMP responses are linked
to a higher risk for postoperative hearing loss (indi-
cating involvement of the inferior vestibular nerve
which is directly adjacent to the cochlear nerve), an
important issue in patient counselling [70
&
].
Reduced oVEMP (but not cVEMP) amplitudes
predict recurrent disease in benign paroxysmal posi-
tional vertigo [71,72]. Successful repositioning of
the otoliths results in recovery of oVEMP responses
[73]. These findings indicate a specific role of
utricular dysfunction in recurrent disease and help
clinicians to identify those patients with risk of
recurrence requiring a close follow-up.
VEMPs aid in the differential diagnosis of
Menière’s disease and vestibular migraine. In con-
trast to patients with vestibular migraine, Menière’s
disease patients frequently display a shift in fre-
quency tuning from 500 to 1000Hz for oVEMPs
and cVEMPs [74–76]. The issue of age-matched
controls is of paramount importance in studying
VEMPs in Menière’s disease, as an increase of VEMP
best frequency is also observed for normal controls
above the age of 60 [77,78]. Vestibular migraine
patients typically show abnormal oVEMPs with
preserved cVEMPs [79].
It cannot be emphasized enough that VEMPs
reflect not only peripheral otolithic function, but
also the integrity of central vestibulo–spinal and
vestibulo–ocular pathways and the effector muscles
(SCM or inferior oblique eye muscle). One impor-
tant new clinical application of this principle is the
decrement of the oVEMP n10 amplitude during
repetitive stimulation in patients with ocular myas-
thenia gravis, which might also be a useful tool for
monitoring treatment efficacy [80,81
&&
]. Moreover,
VEMPs are abnormal in a number of neurological
disorders with brainstem involvement [82], such as
multiple sclerosis (MS) [83,84], Parkinson’s disease
[85], amyotrophic lateral sclerosis [86] or idiopathic
rapid eye movement sleep behavioural disorders
[87
&
], adding information to the pathophysiology
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of these disorders, in particular the role of central
vestibular circuits. Prolonged oVEMP n10 and
cVEMP p13 latencies predict a higher risk for falls
in MS patients [88
&
].
Finally, recent research indicates a correlation
between otolithic – in particular saccular – and cog-
nitive function [89
&&
]. Alzheimer’s disease is three
timesmore likely in elderly individuals with bilateral
absent cVEMP responses. Among those patients with
Alzheimer’s disease, reduced cVEMP amplitudes are
associated with poorer spatial cognition.
VIBRATION-INDUCED NYSTAGMUS
Anatomical and physiological basis
The new physiological evidence has provided the
scientific basis for a simple screening test of the
asymmetry of labyrinthine function – vibration-
induced nystagmus (VIN) [90,91]. A 100-Hz vibra-
tion applied to either mastoid in patients with uni-
lateral vestibular loss immediately elicits a mainly
horizontal nystagmus which lasts as long as the
stimulus is applied. Recent physiology shows that
while 500Hz is selective for otoliths, 100Hz BCV
does activate irregular SCC afferents in healthy ani-
mals with normally encased labyrinths [7], and they
fire in a cycle-by-cycle basis so that 100Hz vibration
causes a firing rate of 100 spikes/s, probably similar
to that caused by a modest angular acceleration.
This cycle-by-cycle activation of single canal affer-
ent neurons to 100Hz stimulation explains the
abrupt start and stop of VIN and the lack of adapta-
tion during the stimulus, and the lack of aftereffects
after the end of the stimulus [90].
Clinical application
Because of the very efficient transmission of vibra-
tion through the skull and brain, 100Hz vibration of
one mastoid activates canal afferents in both laby-
rinths, and in healthy individuals those two neural
signals probably cancel each other at the vestibular
nucleus, so there is no nystagmus. However, in
patients with asymmetrical canal function, 100Hz
BCVof eithermastoid causes irregular afferents from
the intact labyrinth to be activated, but there is no
central cancellation from the other (absent) laby-
rinth. As a result, vibration generates a nystagmus
with a very rapid onset and abrupt offset and with
quick phases beating away from the lesioned side
[90,92]. Like VEMPs, unilateral loss causes a perma-
nent VIN. If there is an SCD then the afferents on the
side of the SCD have a stronger response (see above)
than afferents on the intact side, with the result that
the nystagmus beats towards the side with the SCD
[90,92]. In patients with an SCD, the nystagmus can
be elicited up to high frequencies (750Hz or more).
THE EVOLUTIONARY CONUNDRUM
Why do otolith receptors respond to sound and
vibration? Otolithic receptors and afferents in fish
detect the presence and direction of vibration to
warn of the direction of predators [93,94]. The
mammalian calyx afferent terminal may have
evolved in mammals to improve the temporal pre-
cision of vestibular afferents as head movements
became less constrained in air rather than water
[16,19].
CONCLUSION
VEMPs should be part of the standard neurotolog-
ical test battery as they are the only test able to
diagnose isolated dynamic otolithic dysfunction.
They complement – rather than replace – other
vestibular tests in many other peripheral vestibular
disorders, for example SCD and Menière’s disease,
and are a diagnostic alternative if VOR testing is not
possible (see above). Promising new clinical appli-
cations include myasthenia gravis, neurological dis-
ease with brainstem involvement and cognitive
disorders. VIN is particularly useful to detect asym-
metric canal function in patients where head
impulse testing cannot be performed (e.g. restricted
neck movement) [90].
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